Polyhydroxyalkanoates (PHAs) accumulating bacteria were isolated under various selective conditions such as pH, salt concentrations and types of heavy metal. Fifty strains of bacterial isolates were found to belong to Bacillus, Proteus, Pseudomonas, Aeromonas, Alcaligenes and Chromobacterium, based on phenotypical features and genotypic investigation. Only twenty fi ve bacterial isolates were selected and observed for the production of PHAs. Interestingly, bacteria belonging to Firmucutes Bacillus sp. produced a high amount of PHAs. The maximum PHAs were accumulated by B. licheniformis PHA 007 at 68.80% of dry cell weight (DCW). Pseudomonas sp., Aeromonas sp., Alcaligenes sp. and Chromobacterium sp. were recorded to produce a moderate amount of PHAs, varying from 10.00 44.32% of DCW. The enzymatic activity was preliminarily analyzed by the ratio of the clear zone diameter to colony diameter. Bacillus gave the highest ratio of hydrolysis zone which corresponds to the highest hydrolytic enzyme activities. Bacillus licheniformis PHA 007 had the highest lipase and protease activity at 2.1 and 5.1, respectively. However, the highest amylase activity was observed in Bacillus sp. PHA 023 at 1.4. Determination of metabolic characteristics was also investigated to check for their ability to consume a wide range of substrates. Bacillus, Aeromonas sp. and Alcaligenes sp. had great ability to utilize a variety of substrates. To decrease high PHA cost, different sources of cheap substrates were tested for the production of PHAs. Bacillus cereus PHA 008 gave the maximal yield of PHA production (64.09% of DCW) when cultivated in anaerobically treated POME. In addition, the accumulation of PHA copolymers such as 3-hydroxyvalerate and 3-hydroxyhexanoate was also observed in Bacillus and Pseudomomas sp. strain 012 and 045, respectively. Eight of the nine isolates accumulated a signifi cant amount of PHAs when inexpensive carbon sources were used as substrates. Here it varied from 1.69% of DCW by B. licheniformis PHA 007 to 64.09% of DCW by B. cereus PHA 008.
Introduction
Environmental problems now affect our entire world. As globalization continues the earth s natural processes transform local problems into international issues. Currently, some of the largest problems affecting the world are global warming and solid waste management. Therefore, biodegradable plastic, for example polyhydroxyalkanoates (PHAs), seems sensible at fi rst glance. PHAs, a polyester compound, is gaining interest among the group of biodegradable plastics. PHAs are biodegradable, biocompatible and naturally accumulated by several bacteria such as Alcaligenes, Pseudomonas, Bacillus, Rhodococcus, Cupriavidus and some species of photosynthetic bacteria under conditions of nutrient stress (He et al., 2004; Jamil et al., 2007; Madison and Huisman, 1999; Reddy et al., 2003; Prasertsan, 2007, 2008; Shrivastav et al., 2010; Tajima et al., 2003) .
Numerous researchers have attempted to isolate PHA producing-microorganisms from various sources since the potential to discover and identify novel species with vastly superior production capacity remains untapped. Isolation, identifi cation and genetic manipulation of natural microbes which produce novel polymers containing novel constituents, properties and applications indicate a promising future for the industrialization of bioplastics (Singh and Parmar, 2011) . Polyhydroxybutyrate, PHB, is the most common type of PHAs. The undesirable characteristics of PHB such as high crystallinity, stiffness, brittleness and low extension to break limit its range of application (Freier, 2006) . The mechanical and thermal properties of PHB can be improved by incorporating co-monomers such as 3-hydroxyvalerate (3HV) (Steinbüchel et al., 1993) and 4-hydroxybutyrate (4HB) (Nakamura et al., 1992) . Novel PHAs with different monomer constituents have been identifi ed by natural PHA-producing bacteria such as the production of poly(3-hydroxybutyrate-co-3-mercaptopropionate) [P(3HB-co-3MP)] from Cupriavidus necator (Lütke-Eversloh et al., 2002) , as well as the production of poly(3-hydroxybutyrate-co-3-hydroxy-4-methylvalerate) [P(3HB-co-3H4MV)] from Burkholderia sp. (Lau et al., 2010) and Chromobacterium sp. USM2 (Ling et al., 2011) . However, most of these are synthesized only when structurally related precursor substrates are supplied as exogenous carbon sources (Sudesh and Doi, 2005) .
Therefore, the goal of this study was to improve PHAs production by isolation and selection for prominent PHA-producing bacteria from natural sources under various selective conditions. The superior isolates were selected and identifi ed for their potential to produce new PHAs containing new monomeric constituents using inexpensive carbon sources including municipal wastewater, palm oil mill effl uent (POME), glycerol and molasses. Additionally, their biochemical and metabolic activities were also investigated to check for their abilities to consume biological wastes. It is economical to use naturally producing microorganism due to safety and constant productivity rate, and there is great potential for producing PHAs in lowcost substrates, which can reduce PHAs production costs, because the cost of substrate is the most important factor for PHAs production (Kim and Chang, 1998; Thirumala et al., 2010) . Moreover, novel constituent polymers will reduce the unfavorable characteristics of PHB.
Materials and Methods
Collection of samples. Twenty samples were collected from preserved food (pickle waste), nitrogenrich soil, cow and chicken dung slurry and municipal wastewater (Table 1) . Each sample was transported to the laboratory on ice and stored at 20 C until used.
Bacterial isolation. Bacterial strains were isolated under different culture conditions following the method described by Porwal et al. (2008) . Each sample was prepared under different environmental conditions, including pH (5.0 12.0), NaCl concentration (0 5.0%), temperature (30 C and 37 C) and type of heavy metal (Co and Ni at 1 mmol/L concentration). Two methods, namely the pretreatment and plating method and the direct plating method were applied for bacterial isolation.
In the pretreatment and plating method, 1 g or 1 ml of the sample was added to 10 ml of nutrient broth (NB) under different pHs, NaCl concentrations and types of heavy metal. Samples were incubated at 30 C and 37 C at 200 rpm for 24 h. Thence 100 μl/mg of these pretreated samples were added to nutrient agar (NA) under the aforementioned conditions for 24 h. In direct plating, 1 g or 1 ml of each sample was added to 10 ml sterile distilled water. One hundred microliters of the sample was spread directly on NA plates under different experimental conditions (as mentioned above). Incubation was done at 37 C for 24 48 h. Single colonies of isolates were picked and streaked on fresh PHA detection agar plates (glucose 20 g/L, (NH 4 ) 2 SO 4 2 g/L, KH 2 PO 4 13.3 g/L, MgSO 4 7H 2 O 1.2 g/L, citric acid 1.7 g/L, trace elements solution 10 ml/L and agar 15 g/L) containing Nile blue strain (0.5 μg/ml) (Chaudhry et al., 2010; Porwal et al., 2008; Spiekermann et al., 1999) . After overnight incubation, plates were observed under UV light. Colonies producing fl uorescence were purifi ed and streaked on fresh NA plate, for further study.
16S rRNA gene analysis. Fifty pure bacterial cultures were obtained and the nucleotide sequence of the 16S rRNA gene of isolated bacteria was amplifi ed by PCR employing DNA polymerase. The universal primers 27F (5 -GAGTTTGATCCTGGCTCA-3 ) and 1,525R (5 -AGAAAGGAGGTGATCCAG-3 ) numbered according to the E. coli 16S rRNA gene sequence were used. The reaction mixture contained 10 μl template DNA, 5 μl of reaction buffer, 2 μl of Taq DNA polymerase (3 U μl 1 ) (Amersham Biosciences, USA), 5 μl of the four dNTPs (200 μM each) (Amersham Biosciences, USA), 4 μl of MgCl 2 , 2 μl of each primer (20 μM) and the fi nal volume was made up to 50 μl. The thermal PCR profi le was as follows: initial denaturation of 94 C for 1 min, primer annealing at 55 C for 1 min 30 s. and the elongation step was extended to 10 min (Porwal et al., 2008) .
For DNA sequencing, the dideoxy chain termination method was used. Sequence analysis and alignment were carried out using the NCBI blast tool. The 16S rRNA gene partial sequences were deposited in the EMBL database under accession number, JN 162415 162437.
Biochemical characterization. Bacterial isolates were tested for biochemical characterization with KB009 and KB003 Hi Carbohydrate TM kits (Himedia) as described by the manufacturer. Forty-fi ve different biochemical properties, namely, utilization of thirtythree different carbohydrates as carbon source, fi ve proteins as nitrogen source and seven enzyme activities, were tested (Porwal et al., 2008) .
Metabolic characteristics assay. Each isolate was incubated in selective media including nutrient agar (control), skim milk agar (1%), tributyrin agar (1%) and starch agar (0.2%) to determine their protease, lipase and amylase production, respectively. All plates were incubated at 37 C for 2 days for protease and amylase and up to 7 days for lipase activities, which were checked by observing for a clear zone around bacterial isolate. For starch agar, the zone of clearing was observed after fl ooding plates with iodine solution. The formation of clear zone of hydrolysis indicated substrate degradation. The ratio of clear zone (mm) and size of the bacterial colony (mm) was measured in order to indicate relative enzyme activity. The largest ratio was assumed to contain the highest enzyme activity (Ariffi n et al. , 2006) . The value of a clear zone was based on three sets of observations with a standard deviation up to 10% (Porwal et al., 2008) . Production of polyhydroxyalkanoates in shake fl ask culture. Bacterial strains were prepared by aerobic cultivation with shaking (150 rpm) in nutrient medium (13 g/L distilled water) at 37 C for 12 h. Periodically, aliquots were removed to determine cell growth by measurement of optical density at 660 nm. The starter culture (5%) was added to the enriched medium which contained (g/L) yeast extract 5, tryptone 8, and NaCl 2.5. The starter culture (5%) was added to the PHA production medium [(NH 4 ) 2 SO 4 2 g/L, KH 2 PO 4 13.3 g/L, MgSO 4 7H 2 O 1.2 g/L, citric acid 1.7 g/L, and trace element solution 10 ml/L] and cultivated on a rotary shaker (150 rpm) at 37 C for 96 h. Carbon sources including municipal wastewater, anaerobically treated POME, glycerol and molasses were diluted, adjusted to pH 7 and centrifuged (4,700 g). Supernatants were added to PHA production medium to evaluate the feasibility of isolate bacteria for PHA production using inexpensive carbon sources. Samples were taken every 6 h to measure for biomass and the concentrations of PHAs (Chaudhry et al., 2010) .
The four types of substrate for PHA production presented in this study were selected on the basis of several factors, mainly the cost and availability of the substrate. The relation between substrate composition and biochemical properties of bacterial isolates was considered as a second factor. Low-economic value wastes were selected and utilized as carbon sources in this study. The substrates mostly comprise organic matter, fat, sugar, carbohydrate and protein. An exception is glycerol, a by-product of the biodiesel process, which contains 80 85% glycerol with a trace amount of methanol (Mu et al., 2006; Mumtaz et al., 2010) .
Cell growth measurement. The bacterial culture broth (5 10 ml) was centrifuged at 12,846 g for 10 min at 4 C. The pellet was washed twice with distilled water and then suspended in 5 10 ml distilled water. After mixing, growth was monitored by measuring absorbance at 660 nm (Shimizu et al., 1990) .
Determination of PHA content produced by bacterial cells. For qualitative determination, PHAs were analyzed in whole-cell samples or after extraction with chloroform and purifi cation by repeated precipitation from a chloroform solution with ethanol. The PHA content and composition were determined by subjecting 5 to 8 mg of lyophilized cells or 1 to 2 mg of isolated PHAs to methanolysis, which was done in a mixture of chloroform and methanol containing 15% (v/v) sulfuric acid (Steinbüchel and Wiese, 1992) . The resulting hydroxyacyl methylesters were analyzed with a gas chromatograph and benzoic acid was used as the internal standard (Brandl et al., 1988; Timm et al., 1990) . The initial structural assignments of the methylesters analyzed were based on their retention times compared to those of authentic standards. Final confi rmation of structures was performed by gas chromatographymass spectrometry (GC-MS). PHA content is defi ned as the percentage of DCW, i.e., 100 (g PHAs / g DCW).
Results and Discussion

Isolation and identifi cation of the isolated bacterial strains
Fifty strains were isolated from different environmental sources (pickle waste, nitrogen-rich soil, cow and chicken dung slurry and municipal wastewater) under various selective conditions such as pH, salt concentration and type of heavy metal (Table 1 ). The municipal wastewater sample yielded the highest number of bacterial isolates, about 32% of the total isolates. This was followed by the pickle waste sample (26%), cow dung sample (20%), soil sample (14%) and chicken dung sample (8%). All isolates grew well at 37 C and showed positive with Nile blue staining. Therefore, all bacterial isolates were designated as strains PHA 001 050. The bacteria fl ora is divided into two groups, based upon their Gram character. Overall, the Grampositive bacteria tended to dominate with 72% of the total isolates showing Gram-positive character, while the other strains were Gram-negative. However, all of them were rod-shaped bacteria. The nearly full-length sequences comprising the 16S rRNA gene were also determined for all isolates. The results from 16S rRNA indicated that all of the Gram-positive strains belonged to fi rmicutes (Bacillus sp.) while the Gram-negative strains belonged to β-and γ-Proteobacteria (Proteus mirabilis, Pseudomonas sp., Aeromonas sp., Alcaligenes sp. and Chromobacterium sp.) ( Table 1) .
The production of polyhydroxyalkanoates by bacterial isolates using PHA-producing medium
The production of PHAs was observed in six different genera (twenty-three isolates) including Bacillus licheniformis, B. cereus, B. subtilis, Bacillus sp., Proteus mirabilis, Pseudomonas sp., Aeromonas sp., Alcaligenes sp. and Chromobacterium sp. as shown in Table 2 . Most of the isolates produced PHAs during the exponential phase in PHA-producing medium. Interestingly, biomass and PHA production detected from bacteria belonging to Firmucutes Bacillus sp., varied from 13.06% by Bacillus sp. PHA 013 to 68.80% of DCW by B. licheniformis strain PHA 007. B. licheniformis PHA 007 gave the highest values for biomass (10.45 g/L) and PHA production (6.28 g/L). In contrast, B. cereus PHA 037 also exhibited high PHA concentration at 2.02 g/L with 60.67% of DCW but accumulated low biomass (3.33 g/L). It was interesting to note that bacteria belonging to fi rmicute Bacillus accumulated a high concentration of PHAs (0.32 6.58 g/L) with PHA content. However, the other genera including Pseudomonas sp., Aeromonas sp., Alcaligenes sp. and Chromobacterium sp. were observed to produce moderate amounts of PHAs, varying from 10.00 Table 2 . The production of polyhydroxyalkanoates from fi fty isolated strains.
Organisms
Strain Accession number 44.32%. Unfortunately, no PHA production from P. mirabilis PHA 014 was detected. Gram-positive bacteria such as Bacillus sp. have been used extensively in industry. However, this organism has not yet been exploited for PHA production at an industrial scale. Nowadays, Gram-negative bacteria are the only commercial source for PHAs. However, the production from Gram-negative bacteria has been contaminated by liposaccharides (LPS) (Thirumala et al., 2010; Vallapil et al., 2007) . The genus Bacillus seems to be a potential candidate for production of PHAs due to its better polymer yields under stringent fermentation conditions and lack of LPS copurification with PHAs. However, Bacillus sp. has the great ability to produce novel and known PHAs with different ranges of monomeric composition due to their ability to incorporate both short chain length (scl) and medium chain length (mcl). Therefore, the production of PHAs by Bacillus genera has distinct features which need intensive study (Thirumala et al., 2010) .
Biochemical and metabolic characterization of bacterial isolates
The use of PHAs as substitutes for petroleum-based plastic has been restricted due to the high production cost of PHAs compared with conventional polymers. To produce large amounts of PHAs, research and development for the PHA production with high concen- tration from inexpensive substrate or biowastes are emphasized (Choi and Lee, 1997; Prasertsan, 2007, 2008) . Therefore, it is economical to use microbes which produce a variety of enzymes to solubilize waste composites. Nine isolates, effi cient PHA-synthesizing strains, were selected and characterized for biochemical activities including the ability to utilize different carbon and nitrogen sources. The hydrolytic enzyme (amylase, lipase and protease) activities of microbial isolates were also investigated ( Table  3 ). The enzymatic activity was preliminarily analyzed by the ratio of the clear zone diameter to colony diameter. The largest ratio was assumed to contain the highest activity (Ariffi n et al., 2006) . Out of nine isolates only four strains of Bacillus and Aeromonas sp. had high enzymatic activities. Bacillus licheniformis strain PHA 007 had the highest lipase and protease activity at 2.1 (with a hydrolysis zone of 7.9 mm) and 5.1 (with a hydrolysis zone of 23 mm), respectively. However, the highest amylase activity was observed in Bacillus sp. PHA 023 at 1.4 with a hydrolytic zone of 5.5 mm. High activities of lipase and protease were also detected from Proteus mirabilis, and Pseudomonas sp. had relative high activities of lipase and amylase. On the other hand, relatively poor activities of hydrolytic enzymes were observed in Alcaligenes sp. and Chromobacterium sp. Isolates with multiple enzyme activity, though small in number, are important in such ecosystems due to their potentiality in industry applications (Matsusaki, 1998; Reddy et al., 2003) .
In addition to biochemical properties, metabolic characteristics were determined for the nine isolates by utilization of thirty-three carbon and fi ve nitrogen sources (Table 3) . Interestingly, Bacillus strains Aeromonas sp. and Alcaligenes sp. had great ability to utilize a variety of substrates. Proteus mirabilis, Pseudomonas sp. and Chromobacterium sp. gave positiveresponse on a wide range of nitrogen sources but showed negative response on a large number of sugars. In an economical point of view, bacterial isolates obtained from this study could utilize several of substrates and produce high activities of hydrolytic enzymes. Moreover, most of the isolates were able to utilize glycerol and citrate as a carbon source. Due to their biochemical and metabolic characteristics all isolates offer a good prospect to consume biological wastes and convert them into PHAs.
The production of polyhydroxyalkanoates by bacterial isolates using cheap carbon sources
The production of biomass and PHAs was investigated in nine isolates grown in PHA-producing medium containing different carbon sources (Table 4) . A number of carbon sources such as municipal wastewater, anaerobically treated POME, glycerol and molasses were tested for their ability to support PHA production using inexpensive carbon sources.
Among the four different carbon sources tested, anaerobically treated POME was the most permissive substrate for PHA biosynthesis and accumulation, yielding the highest PHA contents in Bacillus cereus PHA 008 (64.09% of DCW) and B. licheniformis PHA 007 (62.96% of DCW. The accumulation of PHA copolymers such as 3-hydroxyvalerate (3HV) and 3-hydroxyhexanoate (3HH) was also observed due to the presence of propionic, valeric and caproic acids in anaerobically treated POME (Bengtsson et al., 2009; Salmiati et al., 2007) . The corporation of 3HV into PHB resulted in the formation of poly(3-hydroxybutyrateco-3-hydroxyvalerate) [P(3HB-co-3HV)], which was accumulated by B. licheniformis PHA 007, B. cereus PHA 008, Alcaligines sp. PHA 047 and Chromobacterium sp. PHA 049 in the range of 11.69 64.09% of DCW with a HV unit fraction of 9 11 mol% when cultivated in POME. Interestingly, the formation of 3HH was also detected in PHA production from B. subtilis PHA 012, Bacillus sp. PHA 023 and Pseudomonas sp. PHA 045, resulting in the formation of poly (3-hydroxybutyrateco-3-hydroxyvalerate-co-3-hydroxyhexanoate) ] with 18 20 and 1 2 mol% of HV and of HH unit fraction, respectively. P(3HB-co-3HV-co-3HH) is a biodegradable polymer with much commercial potential because it is more fl exible and less brittle than PHB or mcl-PHAs, and it also possesses a higher melting point (Arai et al., 2002) . Therefore, the present study indicates the feasibility of production of useful polymers in natural PHA-accumulating bacteria under anaerobically treated POME. Although POME consists of high organic acids and is suitable to be used as a carbon source, POME is usually present in a complex form that cannot directly be utilized by PHA-producing bacterial species for PHA synthesis (Alias and Tan, 2005; Salmiati et al., 2007) . Therefore, anaerobic treatment has been proposed to reduce the POME characteristics. Hydrolysis and acidogenesis are the fi rst step to convert the wastes to short-chain volatile fatty acids (VFAs) such as acetic, butyric, propionic, valeric and caproic acids. After that, the VFAs will be utilized by PHA producers for PHA production (Bengtsson et al., 2009; Salmiati et al., 2007) .
In addition, most of the isolates (8 strains) also could utilize municipal wastewater and molasses as substrates. The moderate PHAs from municipal wastewater and molasses varied from 11.11 61.05% of DCW. PHA producing abilities of bacterial isolates (7 isolates) when cultivated in glycerol varied considerably from as low as 1.69% of DCW by B. licheniformis PHA 007 to as high as 62.08% of DCW by Pseudomonas sp. PHA 045. Interestingly, Pseudomonas sp. PHA 045 was able to accumulate high PHA content in the range of 60.04 62.08% of DCW when cultivated in PHA medium supplemented with biowastes. The peak indicated that the PHA accumulated was polyhydroxybutyrate (PHB) when municipal wastewater, glycerol and molasses were utilized as substrates.
The PHA contents were in accordance with the presence of enzymes from microbial isolates ( Table 3) . Eight of the nine isolates (strains PHA 007, 008, 012, 023, 045 047 and 049) accumulated signifi cant amount of PHAs when cheap carbon sources were used as substrates. Here it varied from a low PHA content of 1.69% of DCW by B. licheniformis PHA 007 cultivated in glycerol to a high content of 64.09% of DCW by B. cereus PHA 008 cultivated in POME. However, Proteus mirabilis PHA 014 did not produce any PHAs.
The results revealed that seven isolates have a good ability for PHA production when using inexpensive substrates. All strains may be more advantageous compared to a commercial PHA producer such as Ralstonia eutropha or P. putida since they can use a wide range of substrates leading to more diversifi ed substrates and applications. The utilization of biowastes as useful supplements to bacteria media which reduce both the PHA operation cost and waste disposal was also demonstrated. As aforementioned, PHAs have rapidly attracted interest both in research and industry, although their manufacturing costs today are still too high to compete with conventional and petroleumbased polymers. The chance to increase PHA yield and productivity as well as PHA variety and ease of polymer recovery will depend on the successful discovery of novel microorganism which have high activity of hydrolytic enzymes and also utilize a broad range of substrates. This study indicated that bacteria belonging to genera Bacillus, Aeromonas sp. and Alcaligenes sp. had ability to produce high amounts of PHAs and high levels of hydrolytic enzyme activities. All strains were able to hydrolyze various substrates, which may result in effi cient utilization of biowaste and its conversion into PHAs with a variety of PHA monomers. Therefore, all effi cient isolates will be selected and improved for the production of PHAs using biowastes. This will further expand the current limited PHA application.
